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Underground coal gasiﬁcation (UCG) allows for the utilization of coal reserves not exploitable due to
unfavorable geology and economic boundary conditions. The present study examines underground coal
gasiﬁcation economics converting deep-situated coals into a high-caloriﬁc UCG synthesis gas. Utilizing
UCG synthesis gas to fuel a combined cycle gas turbine (CCGT) considering CO2 capture and its subse-
quent storage (CCS) in the underground voids resulting from coal consumption, the coupled process
offers an economic low carbon option to coal ﬁred power generation for a study area in Bulgaria. The
selected coal deposit is not suitable for conventional mining due to great depths, but it may be
exploitable by UCG. Cost-effectiveness, CO2 emissions and energy demand of the coupled process are
analyzed using a techno-economic model speciﬁcally developed for that purpose. Capital and operational
expenditure are ascertained from calculations considering six dynamic sub-models describing the UCG-
CCGT-CCS process ﬂow and aiming at determination of the costs of electricity (COE). Calculation results
show that COE account to 71.67 V/MWh considering 20.5% CCS costs and 79.5% emission charges. The
results show that the coupled UCG-CCGT-CCS process should be considered as an economic and low
carbon option for power generation for the selected study area.
 2014 Published by Elsevier Ltd.1. Introduction by a preceding air separation unit (ASU). Costs, energy requirementWorld-wide coal reserves can cover the required primary en-
ergy supply for several centuries. Underground coal gasiﬁcation
(UCG) can be a sustainable and economic method using the
abundant coal reserves. The exploitation of coal seams investigated
in the present study bases on the principle of deviated and hori-
zontal in seam directional drilling, the most reliable method of
linking injection and production wells in low permeability coal
seams. Thereby, the target coal seam is converted by the injection of
an oxidizing agent into a synthesis gas within a controlled, sub-
stoichiometric gasiﬁcation process [1e5]. The high-caloriﬁc UCG
synthesis gas is converted into electricity in a combined cycle po-
wer plant (CCGT). In order to reduce the release of CO2 resulting
from the combustion of the synthesis gas into the atmosphere the
UCG process is linked with the capture and subsequent storage of
CO2 (CCS) in the already converted coal seams. The oxygen required
for the oxidizer production to initialize the UCG process is providedBY-NC-ND license (http://
2; fax: þ49 (0)331 288 1529.
dam.de (N. Nakaten).
Elsevier Ltd.and CO2 emissions for a coupled UCG-CCGT-CCS process are
determined by a hereto developed techno-economic model.
2. Objective and practice implications
The present manuscript aims at a transparent documentation of
an innovative approach for determination of costs of electricity
(COE), energy requirement and CO2 emissions of a coupled UCG-
CCGT-CCS process. Thereto, we compiled all information required
as many of these are only available in unpublished reports from
former UCG projects, even though surface installation infrastruc-
ture costs are at a mature state. The results discussed were elabo-
rated in the context of the UCG&CO2STORAGE feasibility study
taking into account data of a well explored target area in Bulgaria.
The techno-economic model developed for UCG-CCGT-CCS COE
determination consists of six sub-models (air separation, oxidizer
compression and injection, UCG, synthesis gas processing, elec-
tricity production and capture and storage of CO2) and is controlled
by more than 130 geological, technical and market-dependent
model input variables adaptable to site-speciﬁc boundary condi-
tions for any selected target area world-wide.
Abbreviations/symbols
A þ B parameters of ChurchilleBernstein equation
ASU air separation unit
bnV billion euro
CaC annual capital costs
CaD constant annual depreciation costs
Caip annual interest payment
CAPEX capital expenditure
CC capital value annual capital costs
CCGT combined cycle gas turbine
CComp CAPEX compressors
CCS carbon capture and storage
Cd demolition costs
Cf capital value annual fuel costs
CfO ﬁxed operating costs
CH4 methane
ClRD annual costs of restoration and demolition
Clt levelized total annual costs
ClwD total annual costs without demolition
CO carbon monoxide
CO2 carbon dioxide
COcv capital value annual operating costs
COE cost of electricity
Com operational service and maintenance costs
Cp personnel costs
CPump CAPEX pumps
CR optimal compression ratio of each stage
CRIP controlled retraction injection point
Ct annual tax and insurance burden
CVCoal caloriﬁc value coal
Cvcosts capital value of the overall costs
CvO variable operating costs
CVSyn caloriﬁc value synthesis gas
EOS equation of state
Ep electricity produced
Ff fanning friction factor
g gravity constant
H2 hydrogen
Hﬂ annual full load hours
HV heating value
I total investment costs
i iteration counter
Ib buildings owner contribution
ir nominal interest rate on planning horizon
irDC nominal interest rate for restoration/demolition
Isp speciﬁc investment costs
kV thousand euro
ks speciﬁc heat
LHVCCGT heat input CCGT power plant
m mass ﬂow rate
M molecular weight
MV million euro
mCoal required daily coal amount
MEA monoethanolamine
MPa megapascal
MWh megawatt hour
n years of operation
N2 nitrogen
Nt number of parallel compressor trains
nA imputed ﬁscal depreciation period
np planning horizon
OP total annual operating costs
OPEX operational expenditure
Oy observation year n
p pressure
pi compressor inlet pressure
pASU oxidizer pressure at ASU outlet
pBHP bottom hole pressure
Pnet installed net capacity
pWHP well head pressure
qSyn synthesis gas volume ﬂow
R gas constant
Re Reynold’s number
Ri nominal interest rate
T temperature
Tin temperature at compressor inlet
UCG underground coal gasiﬁcation
Wp pumping power consumption
Ws,i compression power consumption
X mass fraction
XCoalSyn amount of produced synthesis gas per tonne gasiﬁed
coal
z depth
Zs compressibility
hp pump efﬁciency
his isentropic efﬁciency of compressor
hUCG UCG gasiﬁcation efﬁciency
r density
N. Nakaten et al. / Energy 66 (2014) 779e790780The basic process layout for the techno-economic model of the
coupled UCG-CCGT-CCS process is shown in Fig.1. Enriched air from
an air separation unit (1) passes through a compressor (2) and is
injected through an injection well (2) into the target coal seam
where UCG takes place (3). The raw synthesis gas is discharged via
the production well for processing (4) and CO2 capture. The dec-
arbonized synthesis gas then ﬂows to the power plant (5) for
electricity generation. CO2 is compressed and transported for
storage back in the abandoned UCG void (6). The dotted lines in
Fig. 1 represent the internal power demand of the process. The
integrated power plant is a combined cycle gas turbine with an
installed capacity of 308 MWand an operating efﬁciency of 58% [6].
The auxiliary power for air separation, gas cleaning and compres-
sion is drawn from the CCGT, so that the delivered net output from
the process is reduced by about 12%, giving an overall efﬁciency for
UCG of about 46% based on clean synthesis gas.The implementation of each sub-model is adapted fromdifferent
literature sources andmature due to market availability of different
processing techniques. The innovation provided by the present
study is the discussion of a coupling scheme allowing for integration
of all sub-models intoone techno-economic calculation approachby
connecting the process sub-models using 2e15 interfaces for each
sub-model. This procedure allows for ﬂexible adaptation of varia-
tions of model complexity, and thus a fast realization of sensitivity
analyses which will be discussed in a follow-up publication.
3. Basic model assumptions
3.1. Study area
The study area is a coal deposit of Carboniferous age with high
rank bituminous coals located in Bulgaria. The deep coal seams are
Fig. 1. The coupled UCG-CCGT-CCS process.
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UCG. For examination 120 geological sections of deep coal wells
(average depth 2000 m), 100 geological sections of shallow wells
(average depth 500 m), and well log data for all 120 deep wells
were considered. The prospective coal bearing Carboniferous
section is covered by overburden of Mesozoic age including a thick
Lower Cretaceous/Upper Jurassic aquifer. Geological surveys show
that the overall research area provides seven coal seams suitable
for UCG, of which four were investigated in the scope of the
present study to ensure fuel supply for the CCGT plant for 20
years.
3.2. UCG process and well layout assumptions
The most suitable UCG technology for deep-lying coal seams is
the Controlled Retraction Injection Point (CRIP) technology which
is a method for controlling the injection point of the gasiﬁcation
agent within the coal seam. It requires the drilling of vertical
wells for injection and production and the construction of aFig. 2. Schematic a) horizontal and b) vertical cross sections of three UCG reacnetwork of lined deviated injection holes, drilled horizontally
into the coal seam. An inner coiled tubing is introduced into each
deviated well to position the injection point during the UCG
process. This allows its backward movement (retraction) of the
lines to virgin coal as soon as the current gasiﬁcation reactor has
reached its envisaged size and the synthesis gas quality declines
[7,8]. The resulting structure of the gasiﬁcation channel re-
sembles a string of beads as illustrated in Fig. 2. Hence, CRIP
provides better control over the gasiﬁcation process than previ-
ously used UCG methods, and works well with thin seams [9].
The number of wells required to optimize the coal yield were
calculated by considering the UCG reactor width and the optimal
well spacing for each seam (cf. Table 1). For the current appli-
cation a ratio of the UCG reactor width to the seam thickness of
2:1 and a ratio of the distance between the reactors to the seam
thickness of 2:1 were assumed. Coal consumption was calculated
considering an additional power plant reserve margin of 10%,
whereby the average daily required coal amount to supply a
308 MW CCGT is 3013 t.tors developed by the CRIP technology (modiﬁed from Kempka et al. [8]).
Table 1
Parameters for determination of the required injection and production wells.
Seam 1 Seam 2 Seam 3 Seam 4
Seam latitude (km2) 1.14 0.62 1.14 0.62
Seam thickness (m) 4 6.6 11 12
Seam depth (m) 1800 1617 1322 1411
Coal caloriﬁc value (MJ/kg) 33.16 35.58 33.84 33.84
Required coal for CCGT,
20 year operational time (t/d)a
3100 2870 3040 3040
Well spacing (m) 16 26 44 48
Gasiﬁcation channel width (m) 8 13 22 24
Number of injection wells per
coal seam (8 in total)
2 2 2 2
Number of gasiﬁcation channels
per coal seam1
25 30 24 16
Number of production wells
(4 in total)
2 e 2 e
a Marginal differences in the required amount of coal are caused by the different
coal caloriﬁc values of the four seams.
Fig. 3. Pressure loss calculation results for injection wells (N2eO2 gas mixture with
injection rate of about 41.9 t/well/h in average) with a roughness of 0.0008 cm.
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The considered synthesis gas composition (N2 ¼ 35%, CO ¼ 10%,
H2 ¼ 21%, CH4 ¼ 11%, CO2 ¼ 23%) is an internal project assumption
based on former UCG trials undertaken in great depths assuming an
oxygen-nitrogen ratio of 60e40%. The produced amount of syn-
thesis gas per tonne of gasiﬁed coal ðXCoalSyn Þ amounts 2843 m3/t and
is calculated (cf. Eq. (1)) considering a UCG gasiﬁcation efﬁciency of
62.5% (hUCG), a synthesis gas caloriﬁc value (CVSyn) of 7.50 (MJ/m3)
and the coal caloriﬁc values (CVCoal) presented in Table 1.
XCoalSyn ¼
CVCoal$hUCG
CVSyn
(1)
The calculation of the required heat input (LHVCCGT) for the
308 MWCCGT bases on the required amount of coal in tons per day
(mCoal), the coal CV as well as the UCG gasiﬁcation efﬁciency (hUCG)
and amounts to 743 MW (cf. Eq. (2)).
LHVCCGT ¼ mCoal$CVCoal$hUCG (2)
The required synthesis gas volume ﬂow (qSyn) to fuel the CCGT
plant is calculated according to Eq. (3).
qSyn ¼
LHVCCGT
CVSyn
(3)
The synthesis gas caloriﬁc value (CV) results from the synthesis
gas composition as well as the corresponding mass fractions and
heating values (HV) of the gas components (cf. Eq. (4), Table 2).
CVSyn ¼ XH2$HVH2 þ XCH4$HVCH4 þ XCO$HVCO (4)Table 2
Parameters for determination of synthesis gas amount produced per tonne of
gasiﬁed coal, the volume ﬂow per hour and the synthesis gas caloriﬁc value (average
value considering all target coal seams).
CVSyn Synthesis gas
CV (MJ/m3)
7.5 Calculated
hUCG UCG gasiﬁcation
efﬁciency (%) 62.5
Green, M.: HUGE project
(2011), personal communication
mCoal Required daily
amount of coal (t) 3013
Calculated
X Mass fraction of
H2, CH4, CO (%)
21 11 10 Assumed3.4. CO2 storage management considering CO2 emission charges
CO2 storage capacity is determined using the equations of state
(EOS) after Kunz et al. [10] to calculate CO2 density depending on
temperature and ﬁnal (hydrostatic) pressure conditions in each
seam after UCG shutdown and cooling to in-situ temperature. The
entire UCG void volume available in each seam is considered
(12.74mio.m3 cumulative for all four target seams) for these cal-
culations resulting in an average CO2 storage capacity (53 mio. t CO2
produced in UCG and CCGT in 20 years) of about 20.5% (remaining
rubble and ash in the voids after gasiﬁcation are not considered)
and CO2 densities between 860 kg/m3 and 872 kg/m3 at in-situ
storage conditions in the four seams. CO2 densities in each seam
differ slightly, since in-situ pressures (13.2e18 MPa) and temper-
atures (24.9e37.7 C) vary with depth. As the ﬁrst gasiﬁcation
reactor is outgassed, the maximum capture rate from the synthesis
gas stream by post-combustion capture is established according to
the available storage capacity of the UCG reactors used for CO2
storage. For the remaining 79.5% of CO2 that cannot be stored in the
UCG cavities a ﬁxed emission charge of 25 V/t CO2 is applied in the
present study (according to Marbe et al. [11] different studies have
shown that the expected value of CO2 emission charges will
probably be between 5 V/CO2 and 58 V/CO2).
3.5. Iterative well pressure correction considering inner liner and
well diameters
Evaluation of well head pressures (pWHP) based on the hydro-
static bottom hole pressure (pBHP) in the target coal seam, requires
detailed knowledge on gas mixture properties. Thereto, an iterativeFig. 4. Pressure loss calculation results for injection wells (CO2 single gas with injec-
tion rate of about 7.9 t/well/h in average) with a roughness of 0.0008 cm.
Fig. 5. Pressure loss calculation results for synthesis gas production wells (H2eCH4e
N2eCO2 gas mixture with a production rate of 92.8 t/well/h) for different liner
roughness.
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versa, taking into account the pressure- and temperature-
dependent gas mixture density determined using the EOS by
Kunz et al. [10]. WHP (pWHP) and BHP (pBHP) are calculated using
Eqs. (5) and (6).
pWHP ¼ pBHP 
Xn
i¼1
rðpi; TiÞ$g$z
i
(5)
pBHP ¼ pWHP þ
Xn
i¼1
rðpi; TiÞ$g$z
i
(6)
Here, rðpi; TiÞ represents the density of the gas mixture at the
pressure and temperature conditions for the given depth z deﬁned
by the discretization interval i (number of iterations) and g the
gravity constant. A number of 100 iterations were ascertained to be
sufﬁcient to minimize calculation errors for the selected gas com-
positions and well lengths. Validation of the algorithm succeeded
against real site data for CO2 and N2 single gases acquired from
WHP and BHP measurements during CO2 storage operations at the
Ketzin pilot site in Germany [12].
Knowledge on pressure losses in injection and production wells
as a result of frictional forces is relevant for the determination of
well diameters in the planning phase of a borehole mining opera-
tion. Therefore, the approach of Chung et al. [13] was integrated
into the techno-economic model to calculate pressure- andTable 3
Vertical and horizontal well classiﬁcation modiﬁed after [17].
Horizontal class Horizontal
class identiﬁer
Horizontal build
rate (deg./m)
Long radius (up to 6/30.48 m) LRH2 2/30.48
LRH4 4/30.48
LRH6 6/30.48
Medium radius (7/30.48 m
to 40/30.48 m)
MRH8 8/30.48
MRH12 12/30.48
MRH16 16/30.48
MRH20 20/30.48
MRH25 25/30.48
MRH30 30/30.48
MRH35 35/30.48
MRH40 40/30.48
Short radius (40/30.48 m
to 60/30.48 m)
SRH45 45/30.48
SRH50 50/30.48
SRH55 55/30.48
SRH60 60/30.48
a BHA ¼ bottom hole assembly.temperature-dependent gas mixture viscosities (e.g. for the
oxidizer or the synthesis gas) considering gas mixture compress-
ibility and density calculations according to Kunz el al [10]. The
implementation of the algorithm in the techno-economic model
was validated against calculations using the WebGasEOS tool
developed by Reagan [14] for gas mixtures of N2, CH4, CO2, O2, H2,
C2H6 and C3H9 and against the equation of state implemented by
Span and Wagner [15] for single gas CO2 demonstrating relatively
low deviations of 0.02e2%. In the current study the carbon mon-
oxide fraction in the synthesis gas was replaced by CO2 in the cal-
culations of the synthesis gas viscosity, because the approach of
Chung et al. [13] for viscosity calculation of gas mixtures could not
be validated due to a lack of data. The determination of frictional
pressure losses in wells was undertaken applying the Reynold’s
number (Re) (cf. Eq. (7)) and the Fanning friction factor Ff ðpi; TiÞ.
Re ¼ w$ di
1000
$
rðpi; TiÞ
hðpi; TiÞ
(7)
The parameter w represents the line velocity, whereby di is the
inner liner diameter in the given interval i. The gas mixture density
rðpi; TiÞ is calculated after Kunz el al [10]. and gas mixture viscosity
hðpi; TiÞ according to the approach of Chung et al. [13]. The Fanning
friction factor Ff ðpi; TiÞ is calculated using Eq. (8), whereby pa-
rameters A and B are derived from the Churchill correlation [16].
Ff ðpi; TiÞ ¼ 2$
"
8
Re
12
þ 1
ðAþ BÞ1:5
# 1
12
(8)
Implementing Eqs. (7) and (8) into Eqs. (5) and (6) results in Eqs.
(9) and (10). The latter equation is valid for the injection wells,
while Eq. (10) has to be applied for production wells.
pWHP ¼ pBHP 
Xn
i¼1

g þ 2w2$Ff ðpi; TiÞ$di

$
rðpi; TiÞ$z
i
(9)
pBHP ¼ pWHP þ
Xn
i¼1

g  2w2$Ff ðpi; TiÞ$di

$
rðpi; TiÞ$z
i
(10)
The smallest diameter between the injector and producer is
determined by the liner, since horizontal drillings establish a direct
ﬂow connection between the vertical wells. Thereby, knowledge on
the inner liner diameter is crucial for the entire well layout and has
a signiﬁcant impact on drilling costs. Hence, the entire pressure loss
for the injection and production wells is considered. Fig. 3 showsHole trajectory
radius (m)
Wellbore size
diameter (00)
Nominal BHAa tool
diameter (00)
873 8.5
6.5
4.75
6.5
4.75
3.5
437
291
218
145
109
87 6.5
4.75
4.75
3.570
58
50 4.75 3.5
44
39
35
32
29
Fig. 6. Schematic plane view of UCG well layout for the target coal seams taking into
account an adequate distance to the closing faults (indicated by the dashed lines at the
border, not to scale).
Table 4
CAPEX and OPEX of the ASU process.
CAPEX
Process facilities capital (V) 105,777,035
General facilities capital (V) 15,861,778
Engineer fees (V) 10,577,704
Contingency costs (V) 21,150,630
Interest charges (V) 8,251,946
Royalty fees (V) 528,885
Start-up costs (V) 3,796,316
Inventory (working) capital (V) 766,907
OPEX (variable and ﬁxed costs)
Electricity (V/year) 10,951,785
Operating labor (V/year) 2,160,496
Maintenance labor (V/year) 1,036,263
Maintenance material (V/year) 1,554,395
Admin and support labor (V/year) 1,107,284
N. Nakaten et al. / Energy 66 (2014) 779e790784pressure loss calculation results for the oxidizer injection wells
(N2eO2 gas mixture) with an injection rate of 41.9 t/well/h in
average and with a roughness of 0.0008 cm and maximum 1800 m
vertical depth. Pressure loss is in an insigniﬁcant range (up to
0.26 MPa), if an inner liner diameter of at least 8.9 cm (3.500) is
applied.
Fig. 4 shows the average pressure loss in the CO2 injection wells
(CO2 single gas with an average injection rate of 7.9 t/well/h) with a
roughness of 0.0008 cm and maximum 1800 m vertical depth. The
pressure loss is negligible (0.11 MPa in average), if an inner liner
diameter of at least 8.9 cm (3.500) is applied in this case. Fig. 5 shows
results for pressure loss calculations for the four vertical synthesis
gas production wells (H2eCH4eN2eCO2 gas mixture with a pro-
duction rate of about 92.8 t/well/h) with varying roughness from
0.0008 cm to 0.2 cm to examine potential chemical alterations due
to progressive corrosion during long-term UCG operation (e.g. byFig. 7. 3D view of development scheme (not to scale).H2S and H2OeCO2 components in the synthesis gas). Pressure loss
is about 0.35 MPa for an inner liner diameter of about 12.1 cm
(4.7500) and increases to about 1.5 MPa at a corrosion state close to
potential liner failure (liner roughness is about 0.2 cm).
Based on the results of pressure loss calculations, it was decided
to apply inner liner diameters of about 8.9 cm (3.500) and about
12.1 cm (4.7500) for the injection and production wells, respectively.
According to the inner liner diameters the achievable build rates
(i.e. deviation angle) of the deviated drillings are determined ac-
cording to Table 3 and amount to 60 per 30.48 m in case of the
injection wells and the gasiﬁcation channels, and 20 per 30.48 m
in case of the production wells.
Figs. 6 and 7 show the development scheme for UCG-CCGT-CCS
commercial-scale scenario in the target area. In order to avoid
negative mechanical impacts, and hence possible gas leakage from
the UCG reactors, an adequate safety distance to the closing faults
has to be maintained. The radii ri and rp for the injection and pro-
duction wells result from the different build rates required for the
related well diameters (cf. Table 3). To ensure continuous fuel
supply for the CCGT plant two UCG reactors per coal seam are
operated at the same time, whereby each of the reactors requires a
separate liner to allow for an individual control of the UCG process
by management of oxidizer injection rates and liner retraction
(CRIP). Hence, each coal seam is developed by two vertical injection
wells with n lateral legs (directional in-seam drillings) summing up
to eight injection wells in total. To ensure a low-pressure loss, four
productionwells with one lateral leg per well are considered for the
extraction of the synthesis gas from the target coal seams. Fig. 7
shows a 2D-view of the development scheme.
4. Method and calculation results
This chapter describes the method used to determine capital
expenditure (CAPEX) and operational expenditure (OPEX) for allTable 5
Parameters used for calculation of power consumption for oxidizer compression.
R Gas constant (kJ/(kmol K)) 8.314
CR Optimal compression ratio of each
stage in average (MPa)
1.92
M Oxidizer molecular weight (kg/kmol) 30.41
Tin Oxidizer temperature at compressor inlet (C) 40
his Isentropic efﬁciency of compressor () 0.75
m Oxidizer mass ﬂow rate (t/day) 8043
Zs Average oxidizer compressibility for each
individual stage ()
0.99e1.0
ks Average ratio of speciﬁc oxidizer heat for
each individual stage ()
1.41e1.48
Ws,i Total compression power requirement (MPa) 17.04e20.58
N. Nakaten et al. / Energy 66 (2014) 779e790 785sub-models and considered process stages and presents the
calculation results.
4.1. ASU sub-model
In order to provide oxygen and nitrogen for the oxidizer, a
cryogenic air separation unit was integrated into the overall process
to provide oxygen. Nitrogen is produced as a by-product of the air
separation process. In the present calculation oxygen and nitrogen
leave the ASU system at pressures between 0.5 and 0.7 MPa. The
oxidizer production costs include CAPEX and OPEX for the air
separation process as well as oxidizer compression and injection
costs for an entire lifetime of 20 years. Input data were modeled
with the IECM tool which combines plant-level mass and energy
balances with empirical data and process economics [18e20]. Since
engineering-economic modeling results developed in the IECM
framework were available for 200 MW and 400 MW plants only,
the results were scaled to the dimensions of the coupled process.
Table 4 shows CAPEX and OPEX for the ASU process, whereby
capital costs sum up to 167 MV, total variable costs to 11 MV and
total ﬁxed costs sum up to 17 MV. Since the oxidizer required to
gasify 1 t coal amounts to 1.60 t O2 and 1.07 t N2, the daily amount
of oxidizer sums up to 8043 t.
4.2. Oxidizer compression and injection sub-model
Oxidizer compression is undertaken in ﬁve stages. The
compression power consumption (Ws,i) for each compression stage
is calculated using Eq. (11) (cf. Table 5). The average oxidizer
compressibility (Zs) and the average ratio of speciﬁc heat (ks) for
each individual compression stage are calculated using the EOS by
Kunz et al. [10].
Eqs. (11)e(14) were adapted or modiﬁed from McCollum et al.
[21], whereby calculation results are expressed for the year 2012.
The total power consumption for oxidizer compression is the sum
of the energy consumed at each compression stage and amounts
18 MPa in average. The power requirement for pumping (Wp) is
calculated using Eq. (12) (cf. Table 6).
Ws;i ¼ mZs
R$Tin
M$his
$
ks
ks  1$

CR
ks  1
ks
 1

(11)
Wp ¼ mðpWHP  pCOÞ
rhP
(12)
CAPEX for pumps (CPump) and compressors (CComp) are calcu-
lated according to Eqs. (13) and (14), modiﬁed after McCollum et al.
[21] (cf. Table 7). Costs for oxidizer injection are integrated in the
ASU model.
CPump ¼

1:11$Wp þ 0:07

$106 (13)
CComp ¼ m$Nt

0:13$ðmÞ0:71 þ 1:40$ðmÞ0:60ln

pCO
pASU
	
(14)
4.3. Synthesis gas processing sub-model
At the surface, the produced synthesis gas is cooled, scrubbed to
remove trace elements and excess water is separated to avoid
accumulation. Thereafter, the synthesis gas is processed in a gas
cleaning section, converting the CO in a gas shift reactor. Then,
sulfur components and CO2 are removed by physical absorption[22]. CAPEX and OPEX (cf. Table 8) for synthesis gas processing
were modeled using the IECMmodeling tool [20], and scaled to the
dimensions of the coupled process. Total capital costs sum up to
133 MV and total variable and ﬁxed costs sum up to 5.7 MV.4.4. UCG sub-model
The UCG model combines all costs associated with fuel pro-
duction as oxidizer production, oxidizer compression and injection,
synthesis gas processing, drilling, land acquisition, piping,
measuring, control equipment costs as well as fees. The drilling
costs for the exploitation of the target coal seams are calculated
based on the costs for injection and productionwells and coal seam
dimensions (cf. Table 9). Total drilling costs have a percentaged
inﬂuence of about 12% on the overall fuel costs. All UCG related
costs (fuel production costs) are summarized in Table 10 and ac-
count to about 2 bnV.4.5. Electricity generation sub-model
The determination of costs of electricity (COE) based on UCG
synthesis gas electriﬁcation in a combined cycle gas turbine power
plant were undertaken after Hillebrand [23], and Schneider [24],
whereby Eqs. (15) to (25) are adapted or modiﬁed from Schneider
[24]. Costs of electricity are the total costs required for conversion
of fuel into electricity. The following boundary conditions have
been considered.
 Electricity production costs are calculated as the average costs
on a full cost basis.
 The power plant efﬁciency is 58%, but reduced by about 12% due
to the power consumption of the integrated ASU, CCS and syn-
thesis gas processing processes (implementing CCS only causes
an efﬁciency reduction of 5e8% [19,25,26]).
 The calculated interest rate on the planning horizon is 7.5% [6].
 The real cost increase of operating costs is 1.5% [27].
 All costs are adapted to the reference year 2012.4.5.1. CCGT investment costs
Speciﬁc investment costs are index numbers of capital invested
to produce one MWh of electricity. In addition to the costs of power
plant construction, the land acquisition costs, infrastructure, con-
struction of auxiliary facilities, charges for approval procedures,
commissioning and provision of working capital are covered by the
building owners. Interest payments during the planning and con-
struction period depend on the interest rate, construction period
and payment proﬁle. In the present study it has been assumed that
all costs are incurred after half of the construction period. Invest-
ment costs are composed of the speciﬁc investment costs (Isp),
installed net capacity (Pnet), building owners contribution (Ib) and
annual interest payments (Caip) during the construction period.
Total investment costs (I) are calculated according to Eq. (15) (cf.
Table 11).
I ¼ Isp$Pnet þ Ib þ Caip (15)
Annual capital costs (CaC) consist of the amount of depreciation
and the annual interest payment. All power plants have a uniform
tax write off period. In the presented calculation, a linear depreci-
ation model is used. For reversionary interest payment, the ﬁrst
interest payment will be made with the ﬁrst write off. Otherwise,
the annual interest payment (Caip) is calculated by the unamortized
amount of investment. The constant annual depreciation costs (CaD)
Table 6
Parameters to determine power requirement for oxidizer injection.
Seam 1 Seam 2 Seam 3 Seam 4
m Oxidizer mass ﬂow rate in
average (t/day)
8043
Nt Number of parallel
compressor trains ()
1 1 1 1
pASU Oxidizer pressure at ASU
outlet (MPa)
0.6 0.6 0.6 0.6
pWHP Well head pressure (MPa) 16.46 14.91 12.89 13.56
pBHP Bottom hole pressure (MPa)a 18.00 16.17 13.22 14.11
T Temperature (C) 37.69 32.80 24.92 27.31
pCO Pressure at which compression
switches to pumping (MPa)
5.43
r Density of the oxidant during
pumping
at in-situ temperature and
pressure (kg/sm3)
124 117 107 110
hP Pump efﬁciency () 0.75 0.75 0.75 0.75
Wp Required power for
pumping (MW)
11.36 9.61 8.73 9.23
a Based on hydrostatic pressure in the target coal seams.
Table 7
Annual costs of oxidizer compression and injection.
Seam 1 Seam 2 Seam 3 Seam 4
Total capital costs for
compressor (V)
29,245,102 27,529,674 26,909,699 27,349,759
Total capital costs for
pump (V)
12,679,870 10,738,741 9,757,728 10,316,975
Annual capital costs of
compressor/pump (V)
6,288,746 5,740,262 5,500,114 5,650,010
Annual operation and
maintenance costs (V)
1,676,999 1,530,737 1,466,697 1,506,669
Annual electric power
costs (V/year)
13,287,212 11,287,546 10,388,684 10,930,537
Annual costs for
compression/pumping
(V/year)
21,252,956 18,558,544 17,355,495 18,087,217
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(17) (cf. Table 12).
CaD ¼
CaC
nA
(16)
CaC ¼ I$Ri 

Oy  1

$CaD

$Ri (17)
4.5.2. CCGT operating costs
All costs incurred during the operation are considered as oper-
ating costs. It is assumed that operating costs increase with time
due to inﬂation and collective bargaining. Consequently, these
gains should be taken into account while calculating the COE. The
ﬁxed operating costs include personnel costs, service and mainte-
nance costs (Com) as well as taxes and insurances. Personnel costs
(Cp) result from the average number of personnel and personnel-
speciﬁc costs. The tax burden of a power plant is coupled to the
proﬁt position. Fixed operating costs (CfO) are calculated using Eq.
(18) (cf. Table 13).Table 8
CAPEX and OPEX for synthesis gas processing (synthesis gas ﬂow rate
356,538 sm3/h).
CAPEX
Selexol sulfur removal system (V) 13,600,341
Process facilities capital (V) 27,939,551
General facilities capital (V) 4,191,792
Engineer fees (V) 2,793,955
Contingency cost (V) 6,099,105
Interest charges (V) 4,573,254
Royalty fees (V) 139,698
Start-up costs (V) 1,244,049
Inventory (working) capital (V) 205,165
OPEX (variable and ﬁxed costs)
Selexol solvent (V/year) 69,496
Sulfur by-product credit (V/year) 223,212
Disposal cost (V/year) 428
Electricity (V/year) 1,289,530
Operating labor (V/year) 2,412,349
Maintenance labor (V/year) 344,235
Maintenance material (V/year) 516,443
Admin and support labor (V/year) 826,975CfO ¼ Cp þ Com þ Ct$Isp$Pnet (18)
Variable operating costs are a product of the amount of pro-
duced electricity (Ep) and the speciﬁc operational costs for the
reference year (1.17 V/MWh). The annual amount of electricity
produced (Ep) is 2462 GWh and calculated using Eq. (19). Thereby,
8000 annual full load hours (Hﬂ) and an installed capacity (Pnet) of
308 MWel are taken into account.
Ep ¼ Hfl$Pnet (19)
The entire annual operating costs (OP) are calculated by sum-
ming up variable and ﬁxed operating costs using Eq. (20) (cf.
Table 14).
OP ¼ CfO þ CvO (20)
4.5.3. Fuel costs
Fuel costs incorporate all UCG related costs positions such as
oxidizer production and injection, synthesis gas processing, dril-
ling, land acquisition, piping-, measuring-, control equipment costs
as well as fees. The levelized fuel costs (cf. Table 15) are calculated
by dividing total UCG costs by the fuel consumption during the
overall plant operational time (20 years).Table 9
Total required drilling meters for injection wells, gasiﬁcation channels and pro-
duction wells to exploit the target coal seams.
Seam 1 Seam 2 Seam 3 Seam 4
Deviated drilling length
injection wells (m)
90 90 91 90
Vertical drilling length
injection wells (m)
3542 3176 2586 2765
Total drilling length
injection wells (m)
3633 3267 2677 2856
Deviated drilling length
gasiﬁcation channels (m)
1131 1356 1088 724
Horizontal drilling length
gasiﬁcation channels (m)
26,693 23,622 25,625 12,598
Total drilling length
gasiﬁcation channels (m)
27,824 24,978 26,713 13,322
Vertical drilling length
production wells (m)
1713 1530 1235 1325
Deviated drilling length
production wells (m)
136 136 136 136
Horizontal drilling length
production wells (m)
1068 787 1068 787
Total drilling length
production wells (m)
2917 2454 2439 2248
Total drilling length (m) 34,373 30,698 31,828 18,426
Table 10
UCG related costs expressed for 2012. Considered taxes, licensing and permitting
fees as well as land acquisition costs.
Percentaged inﬂuence of total drilling costs
on total fuel costs (%)
12.3
CAPEX and OPEX (20 years) of oxidizer
production/injection (bnV)
1.1
Permission for utilization/exploration (V) 350
Authorization for utilization/exploration (V) 100
Concession fee for extraction (MV) 450
Land acquisition costs (MV) 12.49
Piping, measuring and control
equipment (MV)
310.57
Total UCG costs/fuel production costs
(plant life time 20 years) (bnV)
1.9
Table 12
Cost items and parameters for calculation of annual capital costs of the CCGT plant.
CaD Constant annual depreciation costs (kV) 4814
I Power plant investment costs (kV) 144,420
Ri Nominal interest rate during construction (%) 8.3
Oy Observation year n (year) 1
nA Imputed ﬁscal depreciation period (years) 20
CaC Annual capital costs (V) 163,179
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time essentially depend on the interest payment. Adopting a nom-
inal interest rate for restauration and demolition (irDC) of 6% after
Schneider [24], the demolition and restoration costs are the product
of the speciﬁc demolition costs and the installed net capacity.
4.5.4. Capital value of the overall costs
The capital value of the overall costs (Cvcosts) are calculated ac-
cording to Eq. (21) (cf. Table 16).
Cvcosts ¼
X CC
ð1þ irÞn
þ
X Cf
ð1þ irÞn
þ
X COcv
ð1þ irÞn
(21)
4.5.5. Levelized total annual costs with and without demolition
The demolition costs (Cd) are a product of the speciﬁc demoli-
tion cost (16V/kWh) [24] and the installed CCGT plant capacity and
amount to 4984 V. Using Eq. (22), the annual costs of restoration
and demolition (ClRD) are levelized at the end of the operating time
and discounted to the imputed ﬁscal depreciation period (years)
(nA) of 20 years to the year of commissioning and amount to 63 V.
ClRD ¼
X CD
1þ irDCð ÞnA
$
ir 1þ irDCð ÞnA
1þ irDCð ÞnA  1
(22)
The levelized total annual costs without demolition (ClwD) are
calculated using Eq. (23) and amount 119,461 V. The levelized total
annual costs (Clt) are the sum of the levelized total annual costs
without demolition and the levelized annual costs of restoration
and demolition (cf. Eq. (24)) and sum up to 119,524 V.
ClwD ¼ CVCosts
irð1þ irÞn
ð1þ irÞn  1
(23)
Clt ¼ ClwD þ ClRD (24)
4.5.6. Costs of electricity (COE)
The costs of electricity are the quotient of the levelized total
annual costs and the amount of electricity produced and calculated
using Eq. (25).Table 11
Cost items and parameters for determining the total investment costs of the CCGT
plant.
Ib Building owners contribution (kV) 70
Isp Speciﬁc investment costs (V/kWel) 469
Pnet Installed power plant capacity (kWel) 308
Caip Annual interest payments for construction period (kV) 39
I Power plant investment costs (kV) 144,420COE ¼ Clt
Ep
(25)
CAPEX and OPEX of all integrated process stages of the coupled
UCG-CCGT-CCS process are combined as COE and amount to 48.56
V/MWh considering the presented boundary conditions.
4.6. CCS model
CCS (CO2 capture and its subsequent storage) costs generally
consist of CO2 separation, transportation, compression and injec-
tion, storage and monitoring costs. Transportation costs are
neglected, since the separated CO2 is intended to be stored in-situ
in the UCG voids at the site.
4.6.1. CO2 capture
There are three generic systems that may be used to capture CO2
(post-combustion capture, pre-combustion capture, oxy-fuel
combustion capture). In the present study, the post-combustion
technology is taken into account, which separates CO2 from the
exhaust (ﬂue) gas after combustion. This system typically exploits
chemical solvents such as amines (e.g. monoethanolamine (MEA),
to absorb the CO2). This is the most common and already
commercialized capture method, and therefore the most mature
one [28,29]. In the present study MEA CO2 capture costs, were
modeled using the IECM tool [20], and scaled to the dimensions of
the coupled process. Capital costs for process facilities sum up to
88.64 MV and capital costs for the MEA plant to 134.30 MV. Vari-
able and total ﬁxed costs sum up to 10.8 MV, whereby total lev-
elized MEA costs sum up to 8.88 V/t CO2 (cf. Table 17).
4.6.2. CO2 compression and pumping
After the CO2 produced during UCG and power generation is
separated it has to be cooled down and compressed from atmo-
spheric pressure up to the pressure determined for injection. Ac-
cording to the available storage capacity in the UCG voids of 20.5%,
this concerns an amount of 1518 t CO2/day. Eqs. (11)e(14) are
adapted ormodiﬁed fromMcCollum et al. [21], whereby calculation
results are expressed for 2012. The average CO2 compressibility (Zs)
and average ratio of speciﬁc heat of CO2 (ks) for each individual
compression stage are calculated using the EOS by Kunz et al. [10].
Five compressor stages are applied to achieve the compression
level required for CO2. The compression power requirement for
each stage is calculated using Eq. (11) (cf. Table 18), whereby the
average total compression power requirement amounts to
5.32 MPa.Table 13
Cost items for determination of ﬁxed operating costs (CCGT plant).
Cp Personnel costs (kV/year) 1484
Ct Annual tax and insurance burden (%) 5.5
Com Operational service and maintenance costs (kV/year) 2953
Isp Speciﬁc investment costs (V/kWel) 469
CfO Fixed operating costs (kV/year) 5230
Table 14
Parameters for determination of total annual operating costs of the CCGT plant.
CfO Fixed operating costs (kV/year) 5230
CvO Variable operating costs (kV/year) 2886
OP Total annual operating costs (kV/year) 8116
Table 16
Cost items and parameters for determination of capital value of the overall costs.
n Years of operation 20
nA Imputed scal depreciation period (years) 20
np Planning horizon (year) 20
ir Nominal interest rate on planning horizon (%) 7.5
COcv Capital value annual operating costs (kV) 82,739
Cf Capital value annual fuel costs (kV) 971,930
CC Capital value annual capital costs (kV) 163,179
Cvcosts Capital value of the overall costs (kV) 1,217,847
Table 17
CAPEX and OPEX for the MEA capture process (CO2 ﬂow rate 63.25 t/h).
CAPEX (MEA Total process facilities capital, MEA scrubber process costs)
Direct contact cooler (V) 13,968,682
Flue gas blower (V) 2,563,035
CO2 absorber vessel (V) 36,221,920
Heat exchangers (V) 1,505,603
Circulation pumps (V) 3,101,531
Sorbent regenerator (V) 11,362,499
Reboiler (V) 5,581,144
Steam extractor (V) 709,940
Sorbent reclaimer (V) 249,745
Sorbent processing (V) 423,893
Drying and compression unit (V) 12,956,125
CAPEX (MEA total capital requirement, MEA plant costs)
Process facilities capital (V) 88,656,256
General facilities capital (V) 8,865,626
Engineer fees (V) 6,207,664
Contingency costs (V) 17,726,190
Interest charges (V) 8,813,847
Royalty fees (V) 443,224
Start-up costs (V) 2,981,865
Inventory (working) capital 606,959
OPEX (variable and ﬁxed costs)
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compressor train is 40,000 kW. If the required total compression
power is above that value, the CO2 ﬂow rate must be split into
parallel compressor trains. The power requirement for pumping
(Wp) is calculated using Eq. (12) (cf. Table 19). CAPEX for the
compressors are calculated according to Eq. (14) (cf. Table 20).
CAPEX for pumps are neglected here, since this cost position is
considered in the oxidizer compression and injection sub-model.
4.6.3. CO2 storage and injection
All injection wells are utilized for oxidizer and CO2 injection
(dual use of injection wells). Since CO2 mass ﬂow is much lower
than that of the oxidizer, no further injection wells have to be
drilled for CO2 injection. However, additional costs for special
corrosion resistant tubing have to be taken into account. The
equations to estimate the costs of injection equipment must
consider supply wells, distribution lines, well heads, electrical
services, etc. Costs resulting from CO2 injection and storage are
listed in Table 21.
4.7. Total UCG-CCGT-CCS costs
Under consideration of a CO2 capture rate of 20.5%, cumulative
capture costs account to 15.45 V/MWh (CO2 emission rate of the
overall process is about 1 t CO2/MWh) and 15.32 V/t CO2 (seam 3)
to 15.58 V/t CO2 (seam 2). Summarized, COE and CCS costs amount
to 71.67 V/MWh and to 73.64 V/MWh considering 100% emission
charges (cf. Table 22).
5. Summary
In order to investigate COE of a coupled UCG-CCGT-CCS process
applied in deep coal deposits, a techno-economic model has been
developed. It considers air separation, oxidizer compression and
injection, the Underground Coal Gasiﬁcation (UCG) process itself,
synthesis gas processing, power generation in a Combined Cycle
Gas Turbine (CCGT) power plant and Carbon Capture and Storage
(CCS).
Four target coal seams in Bulgaria allowing for the application of
UCGeCCS were selected in the scope of the present economic
analysis considering site-speciﬁc hydrogeological, geological, geo-
mechanical, technical and economical ﬁndings elaborated in the
UCG&CO2STORAGE project.
A commercial-scale scenario developed in the present study
considers an iterative calculation of well head and bottom hole
pressures taking into account pressure losses due to frictional
forces during injection and production, aiming at the optimization
of liner and well diameters for the oxidizer and CO2 injection wellsTable 15
Parameters used for determination of levelized fuel costs.
Total UCG costs for a 20 year operational lifetime (bnV) 1.9
Amount of produced synthesis gas (sm3/h) 356,537
Caloriﬁc value synthesis gas (MJ/m3) 7.50
UCG plant availability (%) 95
Annual operating time (h/year) 8000
Annual fuel consumption CCGT plant (TJ) 19,264
Fuel costs (V/GJ) 4.95as well as for synthesis gas production wells. Calculation results
show that the minimum inner liner diameters of the injectionwells
must be at least 8.9 cm (3.5 “), whereas the minimum inner liner
diameter of the production wells should account to about 12.1 cm
(4.75 “). Thereby, thewell head pressures for oxidizer injection vary
between 12.89 MPa and 16.46 MPa (depending on the depth of the
respective target coal seam) and the required well head pressures
for CO2 injection are between 6.33 MPa and 7.86 MPa. During the
entire 20 year operational time 95 gasiﬁcation channels, eight in-
jection wells and four production wells have to be drilled. The
presented well layout allows for a coal yield of about 45.4%.
UCG CAPEX and OPEX integrate all cost positions associated
with fuel production as air separation to provide the UCG oxidizer
(725.43MV), oxidizer compression and injection (376.27MV for 20
years), as well as synthesis gas processing (246.51 MV), drilling
(235.50 V), land acquisition, piping-, measuring-, control equip-
ment costs and fees (310.57 MV). With regard to an entire opera-
tional time of 20 years, fuel production costs sum up to about 2
bnV. Considering a yearly power plant fuel consumption of
19,264 TJ, levelized fuel costs account to 4.95 V/GJ.Sorbent (V/year) 174,538
Activated carbon (V/year) 120,347
Caustic solution (NaOH) (V/year) 43,076
Reclaimer waste disposal (V/year) 35,926
Electricity (V/year) 6,264,717
Water (V/year) 143,185
Operating labor (V/year) 461,771
Maintenance labor (V/year) 1,214,400
Maintenance material (V/year) 1,821,313
Admin & Support labor (V/year) 502,846
Total averaged levelized MEA costs (V/t CO2) 8.88
Table 18
Required parameters for determining CO2 compression power requirement.
R Gas constant (kJ/(kmol K)) 8.314
CR Optimal compression ratio of each stage () 2.36
M Molecular weight of CO2 (kg/mol) 44.01
Tin CO2 temperature at compressor inlet (C) 40
his Isentropic efﬁciency of compressor () 0.75
m Mass ﬂow rate CO2 (t/day) 1518
Zs Average CO2 compressibility for
each individual stage ()
0.71e0.99
ks Average ratio of speciﬁc heat of CO2
for each individual stage ()
1.29e2.50
Ws,i Compression power requirement (MW) 5.23e5.35
Table 20
Annual costs for CO2 compression and injection.
Seam 1 Seam 2 Seam 3 Seam 4
Total capital costs for
compressor (V)
1,721,640 1,801,653 1,720,929 1,720,929
Annual capital costs of
compressor (V)
258,246 270,248 258,139 258,139
Annual operation and
maintenance costs (V)
68,866 72,066 68,837 68,837
Annual electric power
costs (V/year)
2,315,252 2,258,286 2,297,481 2,300,483
Annual costs for compression/
pumping (V/year)
2,642,364 2,600,600 2,624,457 2,627,459
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resulting from UCG and power generation is separated and stored
in the UCG voids according to the calculated available storage ca-
pacity of 20.5%. Remaining CO2 is discharged to the atmosphere,
paying CO2 emission charges. Thereby, a ﬁxed CO2 emission charge
of 25 V/t CO2 is applied in the calculations. Considering 20.5% CCS
costs and 79.5% emission charges, overall CCS costs vary between
15.32 V/t CO2 to 15.58 V/t CO2.
In the current study all UCG-CCGT-CCS process costs are com-
bined as cost of electricity (COE). Thereby, UCG costs are associated
as yearly levelized fuel production costs. Calculation results show
that COE account to 48.56V/MWhwithout CCS or emission charges,
to 71.67 V/MWh considering 20.5% CCS costs and 79.5% emission
charges and to 73.64 V/MWh with 100% emission charges.
6. Conclusion and discussion
The developed dynamic techno-economic model for calculation
of UCG-CCGT-CCS COE applicable for any study area, considers
technical parameters (e.g. well layout, synthesis gas injection and
CO2 storage, etc.) as well as site-speciﬁc geological boundary con-
ditions (seam thickness, depth, latitude, etc.). A methodological
approach combining engineering and economic analysis was cho-
sen to determine the costs of electricity generation, since success,
efﬁciency and sustainability of the coupled UCG-CCGT-CCS process
are governed by a complex interplay of boundary conditions.
Site-speciﬁc geological, hydrogeological and geo-mechanical
input data determining the boundary conditions relevant for the
model-setup were implemented from scientiﬁc research results
elaborated in the context of the UCG&CO2STORAGE feasibility
study. Technical model input parameters relevant for the planning
of the surface infrastructure (e.g. compressors, pumps, etc.) and
UCG related processes (e.g. piping, measuring, control equipment,Table 19
Cost items for determination of CO2 pumping power requirement.
Seam 1 Seam 2 Seam 3 Seam 4
m CO2 mass ﬂow rate (t/day) 1526 1494 1526 1526
Nt Number of parallel
compressor trains ()
1 1 1 1
pi Compressor inlet
pressure (MPa)
0.1 0.1 0.1 0.1
pWHP Well head pressure (MPa) 7.86 7.19 6.33 6.58
pBHP Bottom hole pressure (MPa)* 18.00 16.17 13.22 14.11
T Temperature (C) 37.69 32.80 24.92 27.31
pCO Pressure at which CO2 becomes
supercritical (MPa)
7.38
r CO2 density during pumping
at in-situ temperature and
pressure (kg/sm3)
847 849 854 852
hP Pump efﬁciency () 0.75 0.75 0.75 0.75
Wp Required power for 8
pumps (kW)
218 195 175 182etc.) not determined in the scope of the project were adapted from
literature and are based on expert interviews.
Site-speciﬁc techno-economic analyses have to be undertaken
for each selected study area individually, whereas results cannot be
transferred from one target area to another.
Comparing COE for UCG-CCGT-CCS in deep coal seams (71.67
V/MWh) with similar CCGT-CCS scenarios presented in ZEP [30]
(up to 105 V/MWh), the commercial-scale scenario elaborated in
the current study is a competitive option for low carbon electricity
production.
Besides geological boundary conditions UCG-CCGT-CCS
competitiveness strictly depends on geographical (e.g. the pres-
ence and location of exploitable resources) and infrastructural (e.g.
availability of power generation infrastructure, energy transport
networks to supply potential end users with the UCG products)
boundary conditions of the overall energy system. Thus, UCG-
CCGT-CCS competitiveness must not be investigated at a local
scale only, but also at a national macro scale. These issues are
addressed in Nakaten et al. [31] by intersecting the techno-
economic model developed to investigate UCG-CCGT-CCS eco-
nomics at a local scale to the macro scale energy system-modeling.6.1. Future studies
Surface process chains as air separation and synthesis gas pro-
cessing may be optimized by thermodynamic process modeling
considering heat and energy utilization. In this context, e.g. an
exergoeconomic analysis would be reasonable. The exer-
goeconomic theory combines the second law of thermodynamics
with economic principles, for the purpose of incorporating the cost
of thermodynamic inefﬁciencies into the total cost of a power
generation system [32,33].
Uncertainties related to the study area as well as to assumptions
in the model have to be assessed in the context of a sensitivity
analysis.
One important topic for future studies is adapting the techno-
economic model to other selected target areas comparing the re-
sults and determining site-speciﬁc characteristics advancing or
disadvantaging a competitive UCGeCCS application.Table 21
Costs of CO2 storage.
Seam 1 Seam 2 Seam 3 Seam 4
Total operation and
maintenance costs
(V/year)
72,261 71,025 70,041 70,457
Total annual costs
(V/year)
267,497 266,261 265,277 265,693
Levelized costs of CO2
storage (V/t CO2)
0.60 0.61 0.60 0.60
Table 22
Overall costs for CO2 emission handling as part of the coupled UCG-CCGT-CCS
process.
Seam 1 Seam 2 Seam 3 Seam 4
Levelized CO2 capture costs (V/t CO2) 8.8 9.0 8.8 8.8
Levelized compression and pumping
costs (V/t CO2)
6.53 6.57 6.48 6.49
Levelized costs of CO2 storage (V/t CO2) 0.60 0.61 0.60 0.60
Levelized costs for CO2 emission
handling (20.5% CCS, no emission
charges) (V/t CO2)
15.37 15.58 15.32 15.33
COE (V/MWh) 48.56
COE with 20.5% CCS costs and 79.5% CO2
emission charges (V/MWh)
71.67
COE with no CCS but 100% emission
charges (V/MWh)
73.64
N. Nakaten et al. / Energy 66 (2014) 779e790790The social impact of a potential UCG-CCGT-CCS installation is an
important aspect for realization of UCGeCCS projects (e.g. public
acceptance, resettlements) to be addressed in future analyses [34].Acknowledgments
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